patch. While they are thought to be safer than conventional cigarettes, the long-term health effects of early life exposure to nicotine remain elusive (De Long, Barra, Hardy, & Holloway, 2014) . Regardless of its source, animal models have revealed that nicotine use during pregnancy leads to adverse metabolic, neurobehavioral, fertility, pulmonary and cardiovascular outcomes in the offspring (Chou & Chen, 2014; Dasgupta, Xiao, Xu, Yang, & Zhang, 2012; Gao et al., 2005 Gao et al., , 2008 Holloway, Kellenberger, & Petrik, 2006; Ma, Nicholson, Wong, Holloway, & Hardy, 2014; Pauly & Slotkin, 2008; Wang et al., 2015; Yu et al., 2016) .
With respect to the postnatal cardiovascular health of the offspring, perinatal nicotine exposure results in a number of adverse cardiac outcomes including increased heart rate and blood pressure, thicker septum, decreased ejection volume, and a reduced ability to recover from ischemic insults (Fox et al., 2012; Gao et al., 2008; Lawrence et al., 2008; Xiao et al., 2016; Yu et al., 2016) . Moreover, these offspring exhibit ventricular-arterial stiffening, underdeveloped elastic fibers and impaired acetylcholine-induced aortic relaxation, with a greater incidence in males (Chou & Chen, 2014; Fox et al., 2012; Gao et al., 2008; Lawrence et al., 2008; Wang et al., 2015; Xiao et al., 2008; Yu et al., 2016) . Elegant studies by Chou and Chen have demonstrated some of these heart deficits are due, in part, to nicotine-induced cardiac remodeling (i.e. increased collagen formation, cardiomyocyte width and higher β-myosin heavy chain expression) by 3 weeks of age (Chou & Chen, 2014) . By 3 months of age, this collagen formation continues leading to myocardial fibrosis (Yu et al., 2016 ). Yet to date, little is known about the molecular mechanisms underlying the long-term cardiac dysfunction and fibrosis observed. Therefore, an initial toxicological investigation to determine mechanisms associated with cardiac dysfunction is warranted. Recently we have found that maternal nicotine exposure (MNE) in vivo leads to decreased protein disulfide isomerase (PDI) in rat placenta associated with endoplasmic reticulum (ER) stress and placental insufficiency Wong, Nicholson, Holloway, & Hardy, 2015) . As PDI has been implicated in cardioprotection and as a survival factor during ischemia, it is conceivable that cardiac PDI could be altered in these MNE offspring, which exhibit impaired recovery to ischemic injury (Lawrence et al., 2008; Toldo, Boccellino, et al., 2011a; Toldo, Severino, Abbate, & Baldi, 2011b; Xiao et al., 2016) .
Moreover, given a decrease in PDI leads to ER and oxidative stress, which can also impede cardiac function, it is very likely these cell stresses are also aggravated in the MNE heart (Rush, Green, Maclean, & Code, 2005; Yu et al., 2012) . Therefore, the aim of this study was to determine whether nicotine exposure in vivo leads to impaired cardiac PDI levels in early and late postnatal life. If so, we then wanted to uncover the downstream mechanisms contributing to the development of cardiac dysfunction. , which is comparable to concentrations in the serum of "moderate" female smokers or nicotine replacement therapy users (80 ng ml
| MATERIALS AND METHODS

| Maternal nicotine exposure rat model
) (Holloway et al., 2006) . Litters were culled to eight at birth but only male offspring were used in this study to prevent confounding effects caused by the female reproductive cycle. Following weaning, rats were housed as sibling pairs until 6 weeks of age when they were individually housed. At 3 weeks (weaning) and 3 months of age, male offspring were killed via carbon dioxide inhalation. Hearts were extracted, frozen in liquid nitrogen and stored at −80°C for analysis. Three-week offspring were chosen as this is the longest period of direct nicotine exposure while 3-month offspring were analyzed since this was earliest time point post-weaning where evidence of cardiac dysfunction has been reported (Chou & Chen, 2014; Yu et al., 2016 
| RNA extraction and real time-polymerase chain reaction
Total RNA was extracted from homogenized 3-month heart samples using TRIzol reagent according to the manufacturer's instructions (Invitrogen). Two micrograms of RNA were reversed-transcribed to cDNA using the high-capacity cDNA Reverse Transcription Kit (Applied Biosystems, Beverly, MA). Primer sets for NADH:ubiquinone oxidoreductase core subunit V1 (ND1) (NM_001006972.1: forward 5′-CCGAGAACGCAACTCAGGTA-3′; reverse 5′-CCTAAGACACC ACCAGCATGT-3′) and β-actin (NM_031144: forward 5′-CACAGC TGAGAGGGAAAT-3′; reverse 5′-TCAGCAATGCCTGGGTAC-3′)
were designed using the National Center for Biotechnology
Information's primer designing tool and generated by Invitrogen Cus- 
| Statistical analysis
All statistical analyses were performed using Graphpad Prism 6 software. Results from immunoblotting were presented as the mean of arbitrary values ± SEM. Significant outliers were identified using the Grubbs' test. Data were tested for normality and equal variance. An unpaired Student's t-test was performed to examine results of immunoblotting data between control and MNE offspring. P < 0.05 was deemed significant. FIGURE 1 Perinatal nicotine exposure decreases PDI levels in the 3-month postnatal heart. Protein levels of targets of interest in 3-week and 3-month vehicle and perinatal nicotine-exposed cardiac tissue were determined via Western blot. From left to right, the first eight samples shown in the 3-week blots are vehicle controls, while the remaining samples are nicotine-exposed offspring. In the 3-month blots, the first five samples are vehicle controls, while the remaining samples are nicotine-exposed offspring. (A) PDI at 3 months. (B) PDI at 3 weeks. (C) QSOX1 at 3 months. All arbitrary values were expressed as means normalized to Amido black staining (n = 5-8 per group). *significant difference (P < 0.05). PDI, protein disulfide isomerase 3 | RESULTS 3.1 | Maternal nicotine exposure decreases cardiac protein disulfide isomerase protein levels at 3 months of age
Given previous work from our laboratory showed that nicotine exposure in vivo leads to decreased PDI levels in the rat placenta (Wong et al., 2015) , we investigated if MNE altered cardiac PDI in the offspring. In this cohort of animals, MNE led to decreased birth weight (p < 0.01) followed by postnatal catch-up growth by three weeks of age compared to the vehicle controls (Table 1) . Interestingly, PDI protein was significantly decreased in the hearts of MNE offspring at 3 months, but not at 3 weeks ( Figure 1A,B) . Similar to PDI, the quiescin-sulfhydryl oxidase (QSOX) family of flavoenzymes catalyzes the insertion of disulfide bonds into reduced unfolded proteins (Heckler, Rancy, Kodali, & Thorpe, 2008 ). Given we have previously demonstrated that the ER oxidoreductase QSOX was decreased in the placenta due to MNE (Wong et al., 2015) , we measured cardiac QSOX1 and found it was unaltered at 3 months between groups ( Figure 1C ).
3.2 | Maternal nicotine exposure does not lead to cardiac endoplasmic reticulum stress in maternal nicotine exposure offspring at 3 months of age
As studies have demonstrated that a decrease in PDI can lead to augmented ER stress (Braakman & Bulleid, 2011) and we have shown that nicotine leads to augmented ER stress in vivo and in vitro (Wong et al., 2015 (Wong et al., , 2016 , we next investigated if markers of cardiac ER stress were evident in the 3-month MNE offspring in association with decreased PDI. Fetal and neonatal exposure to nicotine did not significantly alter protein expression of the key ER stress markers, Atf4, phospho-eIF2α:eIF2α, phospho-PERK, Grp78
or Grp94 at 3 months of age (Figure 2A-D) . 3.3 | Maternal nicotine exposure leads to decreased protein levels of the antioxidant, superoxide dismutase-2, in the hearts of 3-month-old rat offspring
Given the association between PDI levels and the antioxidant SOD-1 expression and activity (Atkin et al., 2006; Toldo, Severino, et al., 2011b) , we next investigated whether diminished cardiac PDI levels were linked to decreases in either SOD-1 or SOD-2 in these MNE offspring. At 3 months of age, MNE offspring displayed decreases in SOD-2 protein levels in the heart ( Figure 3A ), but this was not evident at 3 weeks ( Figure 3B ). Interestingly, the protein levels of cardiac SOD-1 were unaltered in these MNE offspring ( Figure 3C ).
FIGURE 3
Perinatal nicotine exposure decreases the antioxidant SOD-2 concomitant with TIMP4 in the 3-month postnatal heart. Protein levels of targets of interest in 3-week and 3-month vehicle and perinatal nicotine-exposed cardiac tissue were determined via Western blot. From left to right, the first eight samples shown in the 3-week blots are vehicle controls, while the remaining samples are nicotine-exposed offspring. In the 3-month blots, the first five samples are vehicle controls, while the remaining samples are nicotine-exposed offspring. Moreover, the levels of HO-2, another antioxidant demonstrated to be decreased in heart failure (Ding, Li, & Schultz, 2008) , was unaltered in these MNE offspring at 3 months ( Figure 3D ). Since oxidative stress (e.g. reactive oxygen species [ROS]) leads to decreased cardiac TIMP4 (Donnini et al., 2008; Wang, Tang, Yan, & Feng, 2016 ), a critical matrix metalloprotease for cardiac contractility and long-term health (Chaturvedi & Tyagi, 2016; Felkin et al., 2006) , we next measured its protein levels in our 3 month offspring.
MNE offspring exhibited decreased cardiac TIMP4 levels at 3 months of age ( Figure 3E ).
3.4 | Maternal nicotine exposure leads to impaired mitochondrial complex proteins in the hearts of 3-month-old rat offspring
Since perinatal nicotine exposure results in postnatal pancreatic mitochondrial dysfunction and SOD-2 is exclusively localized in the mitochondria (compared to cytosolic SOD-1) (Bruin, Petre, Raha, et al., 2008b) , we next investigated if mitochondrial number, mass and complex proteins might be impaired in the hearts of MNE offspring. At 3 months of age, perinatal nicotine exposure did not significantly alter the mRNA expression of ND-1 ( Figure 4A ), a marker of mitochondrial number (Ye et al., 2017) . While there was a trend for decreased protein expression of citrate synthase, a marker of total mitochondrial mass, in nicotine-exposed offspring compared to vehicle controls, this was not significant ( Figure 4B ) (Figueiredo, Ferreira, Appell, & Duarte, 2008) . 
| DISCUSSION
Animal studies now demonstrate the strong links between perinatal nicotine exposure and long-term cardiac dysfunction (Chou & Chen, 2014; Fox et al., 2012; Gao et al., 2008; Lawrence et al., 2008; Wang et al., 2015; Xiao, Huang, Lawrence, Yang, & Zhang, 2007; Xiao et al., 2016; Yu et al., 2016) . While several of these cardiac defects have been attributed to increased fibrosis, little is known about the underlying cellular stresses involved in nicotine-induced cardiac disease in these offspring, particularly after the perinatal nicotine insult (Chou & Chen, 2014; Yu et al., 2016 ). In the current study, we demonstrated that at 3 months of age, male offspring born to nicotine-exposed dams have decreased PDI levels in the hearts associated with decreased SOD-2 and mitochondrial complex expression. We chose this age given this was the earliest time point post-weaning when cardiac defects (i.e. higher heart rate, blood pressure) have been reported (Gao et al., 2008; Yu et al., 2016) . Given cardiac PDI is critical for cardioprotection, the decrease in its levels in these nicotineexposed offspring reveals a potential mechanism to explain, in part, the observed impairments in recovery to ischemic injury (Lawrence et al., 2008; Toldo, Boccellino, et al., 2011a; Toldo, Severino, et al., 2011b; Xiao et al., 2016) . Furthermore, the decreased cardiac PDI levels may also mediate the reduced levels of antioxidant SOD-2 observed in these nicotine-exposed hearts, particularly given the strong association between cardiac PDI and SOD (Toldo, Severino, et al., 2011b) . In perinatal nicotine-exposed hearts, enhanced ROS production coupled with low levels of mitochondrial SOD-2 antioxidant likely mediates the observed impairment of mitochondrial complex proteins (I, II, IV and V) expression in the heart (Xiao et al., 2016) . As previously demonstrated, SOD-2 deficiency in mice leads to decreased mitochondrial complex I and/or II activity in the heart (Li et al., 1995; Melov et al., 1999) . Since decreased antioxidant it is not surprising that these offspring exhibit lower levels of cardiac TIMP4. TIMP4 is a matrix metalloproteinase inhibitor that is linked to long-term cardiac health and both its expression and activity is impaired by oxidative stress (Chaturvedi & Tyagi, 2016; Donnini et al., 2008; Felkin et al., 2006; Wang et al., 2016) . Moreover, increased oxidative stress and reduced mitochondrial complex proteins in nicotine-exposed offspring has been previously implicated in Perinatal nicotine exposure decreases mitochondrial complexes I, II, IV and V in the 3-month postnatal heart. Protein levels of targets of interest in 3-week and 3-month vehicle and perinatal nicotine-exposed cardiac tissue were determined via Western blot using the OXPHOS antibody. From left to right, the first eight samples in the 3-week blots are vehicle controls, while the remaining samples are nicotine-exposed offspring. In the 3-month blots, the first five samples are vehicle controls, while the remaining samples are nicotine-exposed offspring. (A) mitochondrial complexes I-V at 3 months and (B) at 3 weeks. All arbitrary values were expressed as means normalized to Amido black staining (n = 5-8 per group). *significant difference (P < 0.05) cardiac fibrosis and long-term heart failure (Aragno et al., 2006; Kuroda et al., 2010) .
In placenta, we have shown that nicotine exposure decreased PDI expression and increased ER stress (Wong et al., 2015) . However, in the heart although we saw diminished PDI levels, it was not associated with activation of the core components of the ER stress pathway suggesting that at least in this tissue PDI and ER stress may not be coupled. Indeed, in our model decreased PDI appears to be associated with redox imbalance, likely stemming from impaired mitochondrial function (Ferreiro et al., 2012) . The notion that PDI and oxidative stress are intimately linked is based on several studies that suggest that PDI is tightly associated with NAD(P)H oxidase and acts as a novel redox-sensitive regulatory protein (Janiszewski et al., 2005; Laurindo, Fernandes, Amanso, Lopes, & Santos, 2008) .
Given the links between PDI and the antioxidant SOD, we then determined if these nicotine-exposed offspring exhibit changes in antioxidant expression. SOD-1 is mainly localized in the cytosol, while SOD-2 is exclusively expressed in the mitochondria. While previous studies have more closely linked PDI to SOD-1, our studies identified that SOD-2 levels were lower at 3-month offspring due to perinatal nicotine exposure, but not SOD-1 (Atkin et al., 2006; Toldo, Severino, et al., 2011b) . The decrease in SOD-2 early in life may help elucidate, in part, why in utero nicotine-exposed offspring exhibit increases in cardiac ROS production (Xiao et al., 2016) . Moreover, higher ROS levels have been demonstrated to inhibit cardiac TIMP4 providing a conceivable mechanism for the decreased TIMP4 levels we observed in these nicotine-exposed offspring (Donnini et al., 2008; Wang et al., 2016) .
The diminished levels of SOD-2 versus cytosolic SOD-1 or HO-2 might suggest that oxidative stress is occurring mainly in the mitochondria.
Fetal and neonatal exposure to nicotine has been previously demonstrated to cause oxidative stress and impaired mitochondrial function in other tissues (Bruin et al., 2008a, b) . It appears that a similar effect occurs in the heart as the expression of the mitochondrialspecific antioxidant enzyme SOD-2 is decreased in association with decreases in the mitochondrial ETC proteins, independent of altered mitochondrial mass and number. However, as the majority of these observations are made in tissues well after the critical period of nicotine exposure, little is understood regarding the mechanism of these mitochondrial defects. Given the strong links between PDI and SOD, and that both PDI and SOD-2 can be localized to mitochondria, we speculate the loss of PDI at 3 months may indirectly govern the mitochondrial dysfunction observed (Atkin et al., 2006; Rigobello, Donella-Deana, Cesaro, & Bindoli, 2001; Toldo, Severino, et al., 2011b) .
While there is a disconnect between the direct effects of nicotine at 3 weeks compared to the long-term effects on PDI, SOD-2 and mitochondrial complexes, one conceivable explanation for this may be due to the fact that perinatal nicotine exposure leads to postnatal catch-up growth in these offspring by 3 months of age (Yu et al., 2016) . This is important given that in other rat models of IUGR accompanied with postnatal catch-up growth, increases in oxidative stress (e. itor N-acetyl-cysteine during pregnancy could ameliorate the adverse effects of nicotine on both long-term oxidative stress and impaired recovery to ischemia (Xiao et al., 2016) . However, appreciation of the indirect effects of nicotine on long-term cardiac dysfunction in postnatal life is warranted in a clinical setting given interventions in human pregnancy may not be safe for the mother or fetus. More importantly, postnatal interventions may be a potential therapeutic strategy for children, who without choice, were exposed to smoking and/or nicotine replacement therapy. There may be promise in postnatal interventions, given studies which demonstrate that the use of antioxidants (i.e. coenzyme Q10, resveratrol) during the period postnatal catch-up growth can prevent long-term oxidative stress, mitochondrial dysfunction and premature aging in hepatic and cardiac tissue of IUGR offspring (Tarry-Adkins et al., 2013; Zheng et al., 2011) . Regardless of the timing of intervention, the outcomes of this study would suggest that pharmaceuticals boosting PDI expression and/or activity might be efficacious for nicotine-exposed offspring, particularly given its well-established cardio-protective role and association with cytosolic and mitochondrial antioxidants.
